Introduction
Chronic myelomonocytic leukemia (CMML) is a clonal hematologic disorder sharing features of myelodysplastic syndromes (MDS) and chronic myeloproliferative disorders. CMML was included in the original FAB (French-American-British) classification for MDS. 1 In 1994, the FAB group distinguished 2 subtypes of CMML, an MDS type (CMML-MD) and a myeloproliferative disorder variant (CMML-MP), depending on the absolute leukocyte count (,13 3 10 9 /L and >13 3 10 9 /L). 2 Accordingly, the International Scoring Prognostic System (IPSS) for MDS and its recent revision (IPSS-R) excluded CMML-MP cases. 3, 4 More recently, the World Health Organization (WHO) panel of experts included CMML into a new category of mixed myeloproliferative/myelodysplastic neoplasms and differentiated 2 subtypes, CMML-1 and CMML-2, depending on the percentage of blasts in bone marrow (BM) and peripheral blood (PB). 5, 6 CMML has a highly variable clinical course, with wide differences in overall survival (OS) and risk of transformation to acute myeloblastic leukemia (AML). Different studies have identified important prognostic factors 4, [6] [7] [8] [9] [10] [11] and, in some instances, have built prognostic scoring systems to predict outcome. 4, [6] [7] [8] [9] [10] [11] However, none of them have gained widespread acceptance, partly because they were raised from small series, included patients without CMML by WHO criteria, and were unable to predict the risk of evolution to AML.
The main aims of this study were to identify independent prognostic factors for OS and risk of AML evolution in a large series of patients with CMML, to develop an easily applicable CMML-specific prognostic scoring system (CPSS) for estimating those outcomes, to validate its predictive capacity in a large and independent cohort, and finally to compare the predictive power of the CPSS with that afforded by other prognostic scoring indexes for CMML patients.
Patients and methods

Data collection and patient cohorts
We retrospectively collected clinical and hematologic data of patients in whom de novo CMML was diagnosed according to WHO 2008 criteria at the participating institutions in the Spanish MDS cooperative group (GESMD, supplemental Appendix 1) at the Department of Hematology, San Matteo Hospital, Pavia, Italy, and at the Düsseldorf MDS registry, Heinrich Heine University Hospital, Düsseldorf, Germany. Accordingly, those patients with a percentage of blasts in PB or BM >20% and those with known PDGFR rearrangements were excluded from the analysis. Most cases were diagnosed at centers with recognized expertise in the diagnosis of MDS and all cases were carefully reviewed locally before inclusion. However, in an attempt to cope as much as possible with the real world, no central morphologic review was carried out. The local ethics committees approved the studies, which followed the 2000 revision of the Declaration of Helsinki.
The patients comprised a training cohort, aimed at defining the variables to be included in the CPSS, and a validation cohort, aimed at confirming the 
Prognostic factors
Different patient and disease characteristics, recorded at the time of diagnosis, were examined to establish their possible relationship with OS For personal use only. on December 27, 2017. by guest www.bloodjournal.org From and evolution to AML. These include basic demographic data (age and sex), hematologic parameters (hemoglobin level, absolute leukocyte count, absolute neutrophil count, absolute platelet count, absolute monocyte count, and presence of blasts in PB), percentage of blasts in BM, serum lactate dehydrogenase (LDH) and ferritin levels, red blood cell (RBC) transfusion dependency, and cytogenetic findings. All characteristics were analyzed as dichotomous variables and the cutoff points selected for each one were those presented in Tables 1 and 2 . Hemoglobin level was dichotomized in 2 ways to assess the different cutoff points used respectively by the IPSS 3 and the Pavia group in a recent report. 12 March 2002 was the date that divided the training cohort in 2 groups with the same number of patients and was selected as cutoff point to evaluate a potential influence in the results of changes in the practical management of CMML patients over time and to exclude its possible association with other relevant prognostic variables. No differences in any outcome by date of diagnosis were evident (data not shown). Karyotypes were classified using the International System for Cytogenetic Nomenclature Criteria 2009 13 and stratified according to the recently published CMML-specific cytogenetic risk classification: low risk, normal karyotype and isolated loss of Y chromosome; poor risk, trisomy 8, abnormalities of chromosome 7, and complex karyotype (>3 chromosomal abnormalities); and intermediate risk, all other chromosomal abnormalities. 7 RBC transfusion therapy was not administered according to predefined criteria and was based on physician's criteria that took into account hemoglobin level, presence of symptoms of anemia, and comorbidities. As in the WHO-based prognostic scoring system (WPSS), 12 RBC transfusion dependency was defined as having at least 1 RBC transfusion every 8 weeks over a period of 4 months.
Statistical analysis
Comparisons of proportions and ranks of variables between different groups were performed by x 2 , Fisher's exact, Student t, or Mann-Whitney U test, as appropriate. Unadjusted time-to-event analyses were performed using the Kaplan-Meier estimate and log-rank tests were used for comparisons. Multivariate analysis was performed using Cox's proportional hazards regression model. Characteristics selected for possible inclusion in the multivariate model were those for which there was some indication of association with OS or AML evolution in univariate analysis (P , .20). The forward stepwise procedure was stopped when the P value for entering an additional variable was above .05. OS was measured from the time of diagnosis to the time of last follow up or death from any cause. Evolution to AML was measured from the time of diagnosis to the date of AML (presence of more than 19% of blasts in BM or PB). Most patients received only supportive care (RBC and platelet transfusions and antibiotics as required). None of the patients had received azacitidine or decitabine. Patients undergoing hematopoietic allogeneic stem cell transplantation or intensive AML-type chemotherapy were considered as censored data at the date of transplant or the date of starting chemotherapy, whichever came first. Therefore, our cohorts, as in the IPSS project, consisted of essentially untreated patients, excluding any potential source of bias as a result of treatment. Patient follow up was updated on May 15, 2010, and all follow-up data were censored at that point. Two-sided P values , .05 were considered statistically significant. In line with the essentially exploratory nature of the study, no adjustment for multiple testing was applied. The strength of the new CPSS and other previously published prognostic scoring indexes for CMML was assessed using the concordance probability estimates (CPE) 14 for the Cox proportional hazards model with ties. CPE is a probability that ranges between 0 and 1. A CPE of 0.5 is what you would achieve by pure chance, whereas 1.0 signifies perfect discrimination between the 2 tests. The statistical package SPSS version 17.0 (SPSS Inc., Chicago, IL) was used for all survival analyses. CPE were computed with the R v2.9.0 statistical programming language (R Development Core 2008).
Results
Characteristics of the training cohort
The training cohort included a total of 558 CMML patients. Their main characteristics at diagnosis are shown in Table 1 . The median age was 73 years (range, 19-99 years), median OS was 31 months, and the cumulative probability of AML transformation was 29% at 5 years. According to FAB criteria, 338 of the patients (61%) had CMML-MD and 220 (39%) had CMML-MP. By WHO classification, 478 patients (86%) were CMML-1 and 80 patients (14%) were CMML-2. Karyotype was available in 532 patients (abnormal in 131 [24%]), and according to the CMML-specific cytogenetic risk classification, 7 429 (81%) belonged to the good-risk category, 47 (9%) to the intermediate-risk category, and 56 (10%) to the poorrisk category. A total of 116 of 557 patients (21%) were RBC transfusion dependent at diagnosis.
Univariate and multivariate analysis of outcomes in the training cohort Table 2 shows in detail the results of univariate analysis for OS and risk of AML evolution in the training cohort. Variables significantly associated with OS were age (P 5 .008), gender (P 5 .021), CMML WHO subtype (P , .001), hemoglobin level (P , .001), CMML FAB subtype (P , .001), neutrophil count (P 5 .021), 
Development of a CPSS
We defined a CPSS including those 4 variables showing independent prognostic impact for both OS and AML evolution: CMML FAB and WHO subtypes, CMML-specific cytogenetic risk classification, and transfusion dependence (Tables 3 and 4) . We assigned the same weight to each variable based on their similar hazard ratios in the proportional hazards regression models (see above). A score was calculated for each patient by adding together the points corresponding to their risk factors. According to this score, patients were divided into the following 4 risk groups: low (score 5 0), intermediate-1 (score 5 1), intermediate-2 (score 5 2-3), and high (score 5 4-5; Tables 3 and 4 ). The risk groups defined by the CPSS in the training cohort had significantly different probabilities of death (median OS, 72, 31, 13, and 5 months, respectively; P , .001; Table 5 and Figure 1A ) and risk of AML evolution (cumulative probability of AML evolution at 5 years, 13%, 29%, 60%, and 73%, respectively; P , .001; Table 5 and Figure 1B ). All pairwise comparisons among the 4 risk groups were statistically significant for OS and risk of AML evolution ( Table 5) .
Validation of CPSS
The prognostic impact of the CPSS was evaluated in an independent validation cohort of 274 patients. The main characteristics of patients included in the validation series are shown in Table 1 . There were statistically significant differences in several clinical and hematologic features between the training and validation cohorts. A significant difference between both cohorts was also noted in the risk of AML transformation (29% in the training vs 45% in the validation cohort at 5 years; P , .001). Median OS in both series was comparable (31 months in the training vs 25 months in the validation cohort; P 5 .231).
The risk groups defined by the CPSS in the validation cohort had significantly different OS length (median OS, 61, 31, 15, and 9 months, respectively; P , .001; Table 5 and Figure 2A ) and risk of AML evolution (cumulative probability of AML evolution at 5 years, 24%, 41%, 55%, and 100%, respectively; P , .001; Table 5 and Figure 2B ). Again, all pairwise comparisons among the 4 risk groups in the validation cohort were statistically significant for both OS and risk of AML evolution (Table 5) . Additionally, there were no significant differences in OS and risk of AML evolution between the learning and validation cohort within each of the 4 CPSS risk groups, further substantiating the validation of the score (Table 6) .
Comparison of CPSS with other prognostic scoring systems for CMML Finally, we compared the strength of the CPSS and other previously published prognostic indexes for CMML for which there were available data in both the training and validation cohorts. 
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All the prognostic scoring systems were capable to separate at least 2 risk groups with statistically significant differences in OS and all showed a CPE .0.5 (Tables 7 and 8) . CPSS, IPSS, and IPSS-R had the greater CPE of all scoring systems for OS and risk of evolution to AML both in the training and validation cohorts. However, only CPSS was able to segregate 4 risk groups with significant differences in pairwise comparisons for both outcomes in both series (Tables 7 and 8 ).
An alternative CPSS with hemoglobin level instead of RBC transfusion dependency
The inclusion of RBC transfusion dependency in a scoring system has been criticized because it is not does not allow to apply the model until the value for that variable is known. A recent paper in patients with MDS (CMML was excluded) has shown that the prognostic capacity of model including hemoglobin level (cutpoints, 9 g/dL for males and 8 g/dL for females) instead of RBC transfusion dependency is equivalent to the original model (WPSS) that included RBC transfusion dependency. 15 Thus, we evaluated whether a similar model would be valuable in CMML.
In the training cohort of this report there was a close negative correlation between RBC transfusion dependency and hemoglobin level (Spearman's R 5 20.478, P value , .001). In all instances, when hemoglobin level with different cutoff points, including the ones used by Malcovati et al, 15 and RBC transfusion dependency) were included into the multivariate regression procedures, RBC transfusion dependency was always selected and hemoglobin level left out. The hemoglobin cutoff point level that offered the best performance was 10 g/dL (both for males and females). All the multivariate analyses performed for building the CPSS in the training cohort were repeated using this cutoff point for hemoglobin level and excluding RBC transfusion dependency from the analyses.
The variables independently associated with OS were CMML FAB subtype (HR, 1.75; P 5 .001), CMML WHO subtype (HR, 2.03; P , .001), CMML-specific cytogenetic risk classification (HR, 1.49; P 5 .001), hemoglobin level (HR, 1.74; P , .001), and LDH level (HR, 2.15; P , .001). Characteristics with independent impact in the risk of AML evolution were CMML FAB subtype (HR, 2.01; P 5 .001), CMML WHO subtype (HR, 3.32; P , .001), CMML-specific cytogenetic risk classification (HR, 1.96; P 5 .001), and hemoglobin level (HR, 1.75; P 5 .01). Because the variables selected were the same present in the CPSS, with the exception of hemoglobin instead of RBC transfusion dependency, and their hazard ratios were very close to the ones obtained for the CPSS, we built an alternative CPSS, where a hemoglobin level ,10 g/dL was scored 1 point, hemoglobin level >10 g/dL was scored 0, and the remaining 3 variables (CMML FAB subtype, CMML WHO subtype, and CMML-specific cytogenetic risk classification) were scored as in Tables 3 and 4 for the CPSS. As shown in Tables 7 and 8 , the CPE of this alternative CPSS and CPSS were almost identical for all outcomes in both cohorts and this alternative CPSS was able to stratify the patients in 4 statistically different risk groups for OS in the training and validation cohorts and for AML in the training sample. However, in contrast to CPSS, this 
Discussion
This study, based on the largest CMML data set collected until now, confirms the previously known prognostic impact of WHO and FABdefined CMML subtypes and specific chromosomal abnormalities and shows, for the first time, the relevance of RBC transfusion dependency at diagnosis in patients with CMML. By combining these 4 variables, we developed an easily applicable prognostic index (CPSS) that defines 4 different prognostic risk categories for estimating both OS and AML transformation. CPSS was validated in an independent cohort of patients from 2 centers with expertise in MDS and performed better than other previously published prognostic indexes for CMML, including the IPSS.
In 1994, the FAB group distinguished 2 subtypes of CMML based on absolute leukocyte count, 2 but the prognostic significance of this distinction is still controversial. [16] [17] [18] [19] Our study confirms that it provides independent prognostic information: patients with CMML-MP had a shorter survival and higher risk of AML than patients with CMML-MD. Years later, the WHO classification moved CMML to a new category of myeloproliferative/myelodysplastic neoplasms and defined CMML-1 and CMML-2 subtypes according to the percentage of blasts in PB and BM. This categorization has consistently shown a clear impact in most studies. 4, [7] [8] [9] [10] [11] The results of multivariate analysis of our series clearly demonstrate that blasts percentage in PB and BM is one of the most important independent prognostic parameters in patients with CMML, a finding that highlights the usefulness of accounting for the proportion of these cells in PB and BM and the validity of the WHO classification for CMML. 
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None of the previously developed prognostic scoring systems for CMML have included cytogenetic findings and RBC transfusion dependency at diagnosis. In a previous study from our group, we developed a cytogenetic risk classification for CMML with 3 significantly different risk groups in terms of OS and AML evolution (low risk, including normal karyotype and isolated loss of Y; poor risk, including trisomy 8, abnormalities of chromosome 7, and complex karyotype [>3 abnormalities]; and intermediate risk, with all other chromosomal abnormalities). 7 The current study has confirmed the independent prognostic capacity of this cytogenetic risk stratification both in the training and validation cohorts. RBC transfusion dependency has demonstrated a major prognostic impact in patients with MDS classified according to WHO criteria and was 1 of the 3 variables used to generate the WPSS. 12, 20 However, the potential prognostic relevance of RBC transfusion dependency in patients with CMML had never been evaluated. Our results clearly demonstrate the strong and independent impact of RBC transfusion dependency on both OS and AML evolution risk, supporting that its inclusion in the prognostic scoring system adds clinically relevant information. RBC transfusion dependency was preferred to hemoglobin level in all multivariate models, likely because the former reflects not only the degree of anemia but also the weight of other variables such as age and comorbidity. However, we were able to show that an alternative CPSS including hemoglobin level instead of RBC transfusion dependency was almost as efficient as CPSS for prognostication. This alternative model could be useful, especially in those patients deserving urgent therapy and in whom RBC transfusion dependence is still not established.
A previous study had shown that patients with an elevated serum LDH level had a clear poorer survival. 8 In the training cohort of the current study there was an independent relationship between LDH serum level and OS. However, LDH serum level did not significantly influence OS in the validation series nor was it able to predict the risk of progression to AML in any of the samples. Serum LDH level showed a statistically significant correlation with FAB morphologic subtype but not with WHO classification subtype (data not shown). Because our aim was to develop a prognostic scoring system that was able to predict the clinical outcome both in terms of OS and risk of AML evolution, serum LDH level was not included in the CPSS.
The CPSS is a simple and powerful prognostic index that is able to predict not only OS but also the risk of progression to AML and to segregate 4 risk groups with clearly distinct outcomes for both end points. The predictive capability of the CPSS was reproduced in an external validation cohort and its strength was superior to that offered by other previously published scoring systems. 3, 8, 10, 11 Further, none of the other scoring systems tested were able to discriminate 4 risk categories with statistically significant differences among them. The confirmatory prognostic value of the CPSS is particularly relevant given the fact that, as would be expected in a retrospective study, there were statistically significant differences in several patient and disease characteristics and outcomes between the training and validation cohorts.
Unfortunately (and this a potential weakness of this study), we were unable to compare the new CPSS with 2 relevant prognostic scoring systems reported by investigators from the MD Anderson Cancer Center, 9, 21, 22 one specific for patients with CMML 9,21 and the other for patients with MDS and CMML (global MD Anderson prognostic score [MDAPS]), because some parameters used in them were not available for analysis in most patients of our series. Nonetheless, a previously published study of a series of 212 patients with CMML-the majority of them included in the validation cohort of the current report-showed that CMML-specific MDAPS was unable to demonstrate the capacity of segregating 4 risk groups with statistically significant differences in survival among them, suggesting that it does not represent a major improvement in predicting the survival of CMML patients. 8 The MDAPS has never been specifically validated in CMML. Given that the 4 variables composing the CPSS are present, although with somewhat different cutoff points, among the 8 characteristics required to build the global MDAPS, we anticipate this score will efficiently predict outcomes in CMML. However, whether it is able to significantly discriminate 4 risk groups for both survival and risk of AML evolution remains to be proven.
Recent molecular findings in gene mutations are being detected with increasing frequency that show the enormous underlying molecular heterogeneity of CMML. 23 Comprehensive analyses reported an overall mutation frequency higher than 90%. 24 Recurrent mutations involve splicing factors (SRSF2), epigenetic regulators (ASLX1, TET2, DNMT3A, IDH1/2, EZH2, and UTX), tyrosine kinases (JAK2, KRAS, NRAS, and CBL), and transcription factors (RUNX1). [24] [25] [26] [27] [28] [29] Recent series in patients with MDS suggest that mutations in specific genes help explain the clinical heterogeneity of the disease and that the identification of these abnormalities would For personal use only. on December 27, 2017. by guest www.bloodjournal.org From improve their prognostic stratification. [27] [28] [29] [30] [31] In CMML, however, the results reported so far on the prognostic impact of these new molecular markers are conflicting. Thus, further studies on the field are critical to clarify their influence on outcomes and to prove the need to incorporate them into daily clinical practice.
In the meantime, the CPSS developed herein is an easily applicable and validated prognostic index that may prove most valuable for assessing prognosis, planning therapy, and designing future clinical trials in patients with CMML.
